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e-related toxicities due to the uptake of
chemotherapeutic agents in normal body cells. The severe life-thr f systemic chemotherapy are well documented.
Doxorubicin, DOX is the most effective antineoplastic agent but with laction that is responsible for severe cardiotoxicity
and myelosuppression that necessitates careful monitoring
specifically those utilizing temperature as an external stim! g ivate the Telease of encapsulated drugs, have become a subject of
recent research. Thus, it would be ideal to have a nanocarrier
drug at a particular site to minimize unwanted ang Whemotherapeutics. We have developed a simple temperature-responsive

nanocarrier based on eutectic mixture of fafg i gimed to develop, physicochemically characterize and investigate the

Methods: We have developed phas based on a series of eutectic mixtures of fatty acids due to their unique and
attractive physicochemical charac i ty, stability, cost-effectiveness, and ease of availability. The reversible solid-liquid
ely release the encapsulated drug. The eutectic mixtures of fatty acids (stearic acid
and myristic acid) along ic acid) were prepared to exhibit a tunable thermoresponsive platform. Doxorubicin-loaded

lipid nanocarriers were,

totoxic potential was demonstrated in B16F10 cancer cell lines. Hemolysis assay and acute toxicity studies with
drug-free and doxdrubicin lipid nanocarrier formulations provided evidence for their non-toxic nature.

Conclusion: We have successfully developed a temperature-responsive tunable platform with excellent biocompatibility and
intelligent drug release potential. The formulation components being from natural sources present superior characteristics in terms
of cost, compatibility with normal body cells, and adaptability to preparation methods. The reported preparation method is adapted to
avoid complex chemical processes and the use of organic solvents. The lipid nanocarriers with tunable thermoresponsive character-
istics are promising biocompatible drug delivery systems for improved localized delivery of chemotherapeutic agents.

Keywords: nanostructured lipid carriers, lipid nanocarriers, thermoresponsive, eutectic mixtures, fatty acids, phase change materials,

doxorubicin, acute toxicity studies, hemolysis assay
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Introduction
The cancer burden 2020 estimates . allion new cases and 10 million deaths worldwide due to cancer were
reported. Every sixth death was ys the second leading cause of mortality globally. The female breast

deaths. Additionally, i the COVID-19 pandemic in different world regions, health system closures, delays in
diagnosis and trea
be factors tha diagnoses and treatments.' > The incidence rates of different types of cancer may
also vary g
factors.* Mo?

normal cell divi

epending upon the degree of economic development as well as social and lifestyle
emotherapeutics lack specificity and cause life-threatening toxicities due to inhibition of
2. The next generation of cancer therapy requires the drugs to behave more precisely and specifically
to avoid side effectS®n normal cells with high rates of division located in bone marrow, hair follicles, and digestive
tract.’

Smart drug delivery systems, DDS have gained more attention to overcome non-specific bio-distribution and release
payloads in a spatially controlled way. Nanoscale carriers of drugs provide new, exciting opportunities for smart and
stimuli-responsive DDS. Such nanosized carriers do not release the payload before reaching the target and accumulate at
the desired site by active or passive targeting.® These smart nanoscale DDS release the drug in response to various
endogenous or exogenous stimuli. Temperature is the most frequently used stimulus for the diseases like inflammation
and tumors. The difference in temperature between normal tissues and tumors can be efficiently utilized for triggered

drug release.” Many clinical trials involving the combination of hyperthermia and chemotherapeutics are ongoing.
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Various materials (polymers, copolymers, lipids, micelles) have been developed with thermo-responsive characteristics
that had reported promising results.®’

The application of mild hyperthermia in the range of 39-42°C is more effective than thermal ablation with higher
temperatures > 50°C that may destroy tumor tissues.'®!" Thermosensitive liposomes, polymeric nanoparticles, and
hydrogels have been developed to release the drug at the target site in response to temperature. These synthetic polymers
or lipids are developed after complex chemical reactions requiring various organic solvents.'> Moreover, the toxicity,
biocompatibility, cost, and complexity remain a challenge to the application of these systems in future clinics.'?>'* The
lipids-based thermoresponsive carriers have gained significant attention in recent years after Thermodox, liposomal
doxorubicin entered phase-III clinical trials with promising activity in breast cancer. However, the fabrication of these
liposomes involved various complex lipids and solvents that may lead to a higher cost of therapy.'> Cost of treatment is

also a major concern in cancer chemotherapy, especially in middle- and low-income countries. gavelopment of new,

varying temperatures of physiological systems. Among those vario
polyacrylamides, and polysaccharides, tetradecanol and hexade
sive characteristics.'® 2! However, the cost, compatibility, safety of these polymers present serious concerns for
formulation scientists striving to introduce advanced nanoc ter therapeutic efficacy, safety and afford-
hey have advantages of safety, low cost,
tty acids upon cooling tends to create a drug-
ese drawbacks, the eutectic mixtures of natural fatty
than either of their component and release the drug while

he present study has been conceived to fabricate a novel lipid

ostructured lipid carriers with thermoresponsive characteristics to release
e in solid tumors. This second generation of lipid nanoparticles utilized

7 span-80, polyoxyethylene (20) cetyl ether or Brij-58, CaCl,, and NaCl were purchased from
USA). Super refined oleic acid NF was obtained from Croda Inc (USA). Doxorubicin HCI was purchased
ical Industry (TCI, Japan). Phosphate buffer saline, PBS, pH 7.4 was purchased from Fisher Scientific
(USA). The solution of Trypan blue was purchased from Hyclone (Logan, UT). Dulbecco’s modified Eagle’s media
(DMEM), fetal bovine serum (FBS), and penicillin-streptomycin solution were obtained from CellGro (VA, USA).
CellTiter Blue cell viability assay was purchased from Promega (WI, USA). B16F10 cell line was obtained from
American type culture collection (ATCC), United States.

Preparation and Analysis of PCM-Matrix
The fatty acids used as phase change materials in this study (myristic acid and stearic acid) were weighed using a high
precision analytical balance (Shimadzu). A melting point apparatus was used to determine the melting point range of
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individual fatty acids as well as eutectic mixtures. The samples of 20-30 mg were introduced inside a glass capillary and
placed in the aluminum block with a mercury thermometer. A gradual heating mode was started, and the melting process
was monitored via a built-in magnifying lens. The temperature range indicating the start and the end of the melting
process was determined for each sample. A water bath with incremental temperature increase was also utilized to further
confirm the results. The mean of melting points was taken and considered in this study. The eutectic mixture of pure solid
fatty acids was prepared by melting and homogenous mixing of myristic acid and stearic acid at a weight ratio of 1.77:1,
respectively. This eutectic mixture was cooled to room temperature and finally ground to obtain a homogenous powder.
The melting point of the eutectic mixture was determined to ensure the successful preparation of the eutectic mixture of
fatty acids that melt at lower temperatures than their counterparts. The crystal behavior of individual fatty acids and the
eutectic mixture of fatty acids were also determined with a powder X-ray diffractometer (JDX 3532, Jeol, Japan) to check

whether the eutectic mixtures suppress the crystalline behaviors of pure solid fatty acids or not. sample, the

ambient temperatures.

Preparation of PCM Based Nanocarriers
The PCM-based nanoparticles were prepared by the combined ho
reported previously with slight modifications.>* Two phases (lipi
a hot plate magnetic stirrer. The lipid phase was prepared by ph

trigger the drug delivery at a lower temperature. The 1§ at 10-15°C above the combined melting

point of all lipids (41°C). Surfactant and co-surfactant $ containing Brij-58 and span-80 (3.3:1 weight
ratio) was prepared in 10 mL of ultrapure water tic Barnstead nanopure water purification system) heated
ous phase. The two phases were mixed under continuous
as sonicated for 10 minutes and cooled down to room
temperature to allow solidification o i ing nanoparticles. The drug-loaded nanoparticles were prepared by
adding doxorubicin (0.5 mg/mL) 4 il phase. The dispersions were stored at 4°C for further analysis. The

formulations were termed blan i Md doxorubicin lipid nanocarriers.

-Dispersion Index (PDI)

ared PCM-based lipid nanocarriers were analyzed using zeta sizer version 7.11

Hydrodynamic
The particle size and
(Malvern serial g on the photon correlation spectroscopic principle. Briefly, the freshly prepared
dispersions C ith ultrapure water and analyzed at 25°C, an angle of 90°, 3-scans, and 11 runs. All

the measu 2 e in' triplicate in disposable low-volume UV-transparent disposable cuvettes with a sample

The colloidal stability of nanocarriers was determined using disposable cells after 100-times dilution with ultrapure
water. Briefly, the samples (1 mL) were introduced in disposable folded capillary cells (Malvern). The experimental
parameters were set to 20 runs, 25°C using water as a dispersant. All the readings were taken in triplicate.

Morphology and Size Distribution

A transmission electron microscope was utilized to capture the morphology and mean size of nanoparticles. The freshly
prepared samples were 10-times diluted with ultrapure water and sonicated for 1 minute. The sample of about 1015 pL
(microliter) was transferred to a piece of parafilm, and a 300-mesh carbon-coated copper grid (CF300-CU) was placed on
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it. The excess sample was blotted with filter paper, washed 3 times with water, stained with 2% uranyl acetate solution,
and air-dried. The transmission electron microscope (JEOL 1010) operating at an accelerated voltage of 80 kV (kilovolt)
was utilized to take the microphotographs of developed formulations. The morphology and size of nanoparticles were
analyzed by Image J software.

Encapsulation Efficiency (EE) and Drug Loading Capacity (LC)

The encapsulation efficiency of doxorubicin was determined by the filtration-centrifugation method using a centrifugal device.
Briefly, a sample of 0.5 mL was added to the Amicon ultra 100k device (Millipore, USA) and centrifuged at 1400 g for about
10 minutes. The filtrate was analyzed for the unencapsulated drug by measuring absorbance at 480 nm with a multimode plate
reader (BioTek, USA). The previously reported UV-visible spectrophotometric method after partial validation (verification)

according to International council on Harmonisation, ICH guidelines was used for this purpgg % encapsulation

efficiency and loading capacity were measured using an appropriate calibration curve and thed¥llowing folgulas:

Wtotal - Wfree

%EE = ——— x 100 @)
total
Where Wi = the amount of total drug added; Wy, = the amount of unenca te g in filtrate analyzed:
o%LC = Wencapsulated drug « (2)
Wtota] lipids
The measurements were carried out in triplicates.*’
Fourier-Transform Infrared (FTIR) Spectros@opy
The encapsulation of drug in lipid matrix as well as the int ion begeen drug and lipid matrix was analyzed by
Fourier transform infrared (FTIR) spectrometer (B Bsasor 2 s Germany). The free drug, equimolar physical

mixture of excipients and doxorubicin and doxorubich iers was analyzed by recording the spectrum in the

range 4000650 cm™'. Any occurrence gi cal interaction among the excipients and drug during the

preparation process was identified by hifts or modifications.

Drug Release
The dissolution studies w; i rrogate the release behavior of doxorubicin from optimized lipid

and 6.8). A dispersion equivalent to 1 mg of doxorubicin was added to the cellulose
14 kDa) and immersed in media. An aqueous solution of doxorubicin (free doxor-
larly. Samples of 2 mL were taken at predetermined time intervals and replaced with the
ink conditions. The samples were filtered and centrifuged to separate unencapsulated drug by

doxorubicin. The amount of drug and cumulative percentage of doxorubicin released at different time points was
calculated. The reproducibility, linearity, and accuracy of the spectrophotometric method were evaluated according to
ICH guidelines.?” Each sample during the study was measured in triplicate.

Analysis of Drug Release Kinetics

The mechanism of drug release was exploited using the drug dissolution, DD Solver Excel add-in. The experimental data
obtained from drug release experiments were fitted to different kinetics models (zero-order, first-order, Higuchi,
Korsmeyer-Peppas, Hixson Crowell and Weibull model). The best-fitting kinetic model was selected based on the
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highest R%-value obtained. The value of the diffusional release exponent “n” was calculated to determine the mechanism
of drug release.

Stability Studies

The stability studies were carried out by storing the selected formulations (based on the smaller size with better mono-
dispersion) at 4°C for 14 days period. The size distribution, zeta potential, and entrapment efficiencies were checked
on day-0, day-7, and day-14.%**° The statistical analysis for comparison of parameters at different time intervals was
carried out by Student’s ¢-test. The results were considered significant for p < 0.05.

Biological Assays
Cell Culture

checked for change of media and passaged twice per week.

Cell Viability Determination
Upon reaching 70% confluency, cells were detached with trypsin and counte assay using Trypan Blue.

Briefly, cell suspensions were diluted four times with Trypan Blue solutj ini dead cells. The number of viable

1s to evaluate the cytotoxicity of the free drug

thermoresponsive lipid nanocarriers was also tested

at8r. At the end of the incubation period, the viability of adherent
ega, Madison, USA) according to the manufacturer’s protocol. A graph
between percent viability and dru, i agmlotted to determine the dose-response relationship.

Biosafety Deter
Hemocomepatibility

immunocomfs M0 added to the tubes with an anticoagulant. The erythrocytes were separated after centrifuga-
tion at 500xg fo inutes and washed with 1 mL of saline solution. The supernatant was discarded, and the pellet was
washed with saline (e times more. The erythrocyte solution, 2% v/v in saline solution was prepared and utilized within 24-
hours. The assay was performed using two 96-well round-bottom microwell plates. Different concentrations of blank and
drug-loaded lipid nanocarriers in saline solution ranging from 250 to 2000 pg/mL of total lipid concentration were added.
A negative control (saline solution) and positive control (2% Triton-x-100 in saline solution) were also added to both plates.
The erythrocyte solution, 100 uL, was added to each well in one plate, while a second plate was left blank to null any color or
turbidity that might interfere with the absorbance measurements. The plate was incubated for 60 minutes at 37°C along with
slight agitation followed by centrifugation. (500 xg, 10 minutes). The supernatant was transferred to another plate for
measurement of released hemoglobin by taking absorbance value at 540 nm. The data were expressed as percent hemolysis

for different concentrations of blank and loaded lipid nanocarriers.**"'
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Acute Toxicity Studies
Animals

Male albino rats (9—11 weeks old) were obtained from the Pharmacy Department of Bahauddin Zakariya University,
Multan, Pakistan. All the animals were analyzed carefully before transfer to the animal house of the Faculty of Pharmacy,
the Islamia University Bahawalpur, Railway Campus, Pakistan. All the studies were approved by the Pharmacy Animal
Ethics Committee (PAEC) of the Islamia University Bahawalpur, Pakistan (Ref. No.22-2020/PAEC). The study proce-
dures and protocols were adopted in compliance with the Organization for Economic Co-operation and Development
Guidelines for Testing of Chemicals, 2001.>> The animals were kept in clean cages for one week in a controlled
temperature and humidity environment. The animals were exposed to light and dark cycles (12/12 hr.) with free access to
a standard diet and drinking water. They were divided randomly into three groups (four animals per group) and marked

clearly to differentiate among groups. The animals were acclimatized to the conditions of the anj suse before dosing.

approved by PAEC, IUB for this study.

Dose Preparation and Administration
All the doses were prepared fresh on the day of use. The animals in Group-I we,

completion. All the animals were critically observed for an additi
reaction, shock, or mortality. The animals were monitored care water intake, behavioral change, weight loss,
diarrhea, convulsions, lethargy, or coma. The same was carried ou jodi er the next 14-days period. After the end of the
zed using a mixture of ketamine and xylocaine
injection with doses of 80 mg/kg and 15 mg/kg respec samples were collected by capillary tubes after retro-

orbital puncture and immediately transferred {g tubes with a yellow top and EDTA (ethylenediaminetetraacetic

ected for hematological and biochemical parameter analysis.

This study repor® the preparation of eutectic mixture (UM) of natural fatty acids that are safe, cheap, scalable, stable, and
biodegradable alternatives to various excipients being utilized for stimuli-responsive drug delivery systems. The eutectic
mixtures are defined as the combination of two or more compounds that do not react with each other to form a new
compound when mixed in a particular ratio however the mixture melting point is lower than the individual components.*>*
The eutectic mixture (1.77:1 weight ratio) of myristic acid and stearic acid started to melt at 44.2°C which is lower than the
individual melting points of the fatty acids (53 and 69°C respectively) observed by two different laboratory-scale methods.
The weight ratio selected, and corresponding melting point was observed in available literature.’” This observation
confirmed the successful fabrication of a UM of fatty acids that exhibited significant melting point depression when

compared to pure fatty acids. A similar finding was recently reported in a study for the use of a UM of lauric acid and stearic
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alysis of stearic acid. (C) FTIR spectroscopic analysis of
myristic acid. (D) P-XRD patterns of eutectic mixture of myristic acid and stearic acid. (E) P- ical mixture of myristic acid and stearic acid. (F) P-XRD

acid as a thermo-responsive gating material. Thi e single peaked melting behavior of the eutectic mixture
at 39°C which was less than both individual i atty acids (44 and 69°C) respectively.®®

assess the crystal behavior of individual fatty acids and
their eutectic mixtures to achieve im ctives for cancer cells killing.*® P-XRD peaks of individual
fatty acids (Figure 1F and G) and i ure of those (Figure 1D) were plotted to compare the crystallinity of
i peaks at 21.3° and 23.4° indicated that the crystal behavior of the
UM was reduced to some . ts were further supported by taking a mixture of the same fatty acids mixed

structure of the lipid i igure 1E). The physicochemical interaction such as the formation of any new bonds
between fatty acjds i analyzing the absence of characteristic peaks, presence of new peaks, or peak

essful fusion. The intact peaks of stearic acid (Figure 1B) and myristic acid (Figure 1C) were
tretching vibrations at 2913 and 2849 cm ', C=0 stretching vibrations at 1702, C-H bending
vibrations at 1465, C-O stretching vibrations, at 1261, and O-H bending vibrations at 940 cm ' were found in a eutectic

excipients and SY
associated with C-

mixture of fatty acids (Figure 1A).*** This study unveiled the capability of eutectic mixture of fatty acids to act as
a phase change material after solid-liquid phase transition for on-demand drug release application.

Preparation of Lipid Nanocarriers

The lipid nanocarriers were produced by the combined HME and sonication method developed and reported
previously with slight modifications.** The combination of methods was employed to achieve critical control over
the texture and homogeneity of the final formulation. The particle size in this method is forced to reduce by applying
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shear force, cavitation, and the collision of particles.*’ The reported method has been found to be simple, bypassing
the extensive utilization of expensive organic solvents at various steps, and hence found to be scalable. The methods
like solvent emulsification and solvent injection involve the use of toxic organic solvents that impacts the quality and
biosafety of developed nanocarriers. The probe sonication method has been extensively employed; however the metal
contamination imparted is a serious limitation.*® In comparison, our method was simple, safe, and easily adaptable.
The lipid phase consists of eutectic mixture (myristic acid and stearic acid) as solid lipid and oleic acid (6:1) as liquid
lipid. The amount of liquid lipid added served to suppress the corresponding melting point of the lipid matrix (39.9—
41.3°C) to achieve mild hyperthermia-assisted drug release with minimal harm to cells themselves.*” The drug was
encapsulated in the lipid matrix due to ion-pairing with oleic acid.*® The process and excipient variables were
optimized for this study to achieve passive targeting via enhanced permeability and retention effect (Table 1). Three

lipid concentrations and three surfactant concentrations affecting physicochemical charactg were tested in

this study. These concentrations were selected based on various formulation developme
characteristics for the proposed study. The total lipid concentration was varied but t

Size Distribution and PDI
The particles’ size and their distributions are very important to depict th i in-vivo¥ehavior of final formulations.
The narrow distribution and nanometric size of carriers are criti

retention (EPR) effect-based targeting during cancer treatmen”” The dynamic liglft scattering technique and zeta sizer

software was utilized to determine the intensity of scattered ligh ed a hydrodynamic diameter with a hydration

219.3 nm and 0.160-0.479 as described in Table 1.

W SiZ ion of the optimized formulation confirmed the
development of a monodispersed system with a PDI )

esirable for targeted tumor therapy. Nanocarriers with
a size less than 400 nm are required to achicyg

owever, nanocarriers of size less than 200 nm are required for

rfactant has been reported to efficiently reduce the interfacial

Concentration of | Particle Size PDI Zeta EE (%) LC (%)
Code Surfactants (%) (nm) Potential
(mV)

UT-I 3 195.9£7.56 0.479+0.15 —32.0+3.51 63.3+2.07 3.9610.13
uT-2 80 4 172.9+4.92 0.160+0.01 —26.7+2.94 68.16x1.51 4.23+0.12
UT-3 80 5 94.59+5.22 0.132+0.03 —22.7+2.15 69.7+0.53 4.35+0.04
uUT-4 90 4 205.0+10.19 0.330+0.19 —25.2+3.73 72.3+0.67 4.03+0.04
UT-5 100 4 219.3+8.65 0.4010.16 —25.6+2.50 71.9+0.45 3.60+0.03
Blank 80 4 170.0+£6.58 0.186+0.06 —27.33.10 - -

Note: Data are presented as mean * SD (n=3).
Abbreviations: mg, milligram; nm, nanometer; PDI, polydispersion index; mV, millivolt; EE, encapsulation efficiency; LC, loading capacity.
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Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 172.9 Peak 1: 201.0 100.0 72.67
Pdl: 0.160 Peak 2: 0.000 0.0 0.000
Intercept: 0.930 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

Figure 2 The particle size distribution by the intensity of optimized formulation characteri
Abbreviations: Z-average, intensity weighted mean hydrodynamic size; d.nm, diameter val

y dynamic light scattering technique.
in nanometer; polydispersity index.

Zeta Potential/Electrokinetic Potential

the developed formulations were ential in the range of —22.7 to —32 mv that show excellent colloidal

stability required during shelf 1i bonic surfactants to stabilize our system which had been reported to

Mean (mV) Area (%) St Dev (mV)
Peak 1: -26.7 100.0 7.08
Peak 2: 0.00 0.0 0.00
Peak 3: 0.00 0.0 0.00

Zeta Potential Distribution

STHODET -4t SRS, e oo
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100000T: e g AR e TR e A

0
-100 0 100 200
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Figure 3 Zeta potential distribution of optimized formulation characterized using electrophoretic mobility technique.
Abbreviations: mv, millivolt; mS/cm, millisiemens per centimeter.

2422 e International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Parveen et al

reduce the size and surface area of particles by masking the surfaces.” The value of zeta potential was negative and
lowered with increasing surfactant concentration as depicted in Table 1. The concentration of non-ionic surfactant was
found to lower the value of zeta potential as reported by various other researchers.”® The non-ionic surfactants tend to
shift the shear plane of particles resulting in a lowering of zeta potential.”®> The zeta potential distributions of optimized
formulation, UT-2 are given in Figure 3.

Encapsulation Efficiency and Drug Loading Capacity

The solubility of the encapsulated drug in a lipid matrix, types and amount of surfactants, solid and liquid lipids utilized, and
various processing variables have been reported to affect the encapsulation efficiency and drug loading capacity.’
Doxorublcln being a water- soluble drug has a low afﬁnlty for lipids and alternatlve strategies have been proposed to

Transmission Electron Microscopy (TEM)
The TEM photomicrographs of the optlmlzed formulg

obtained from DLS, and TEM are usuall# . quse DLS is a light scattering intensity-based technique while
TEM gives a number average diamg i results obtained by TEM may be due to the absence of

B

—

100 nm 100 nm

HV=80kV HV=80kV

Direct Mag: 30000 x Direct Mag: 30000 x

Figure 4 Transmission electron microscopic image of (A) blank lipid nanocarriers and (B) doxorubicin lipid nanocarriers. The scale bar is 100 nm.
Abbreviations: nm, nanometer; kV, kilovolt; HV, high voltage.
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ared Spectroscopic Analysis
FTIR spectra oxorubicin-loaded lipid nanocarriers (Figure 5C), physical mixture of doxorubicin and excipients
(Figure 5B), and doxorubicin drug (Figure SA) were recorded. For doxorubicin, the characteristic peaks found at
2931 and 2856 cm ' were attributed to -CH stretching of alkanes, 1712 em ' (C=0) 1594 cm ™! (phenol ring), 1529 cm !
(aromatic ring), 1113 cm™' (C-O tertiary alcoholic groups), 971 cm™' (C-O) were in agreement with previous data.®*
The physical mixture of drug and excipients represented major characteristic peaks with increased intensity at 2916,
2849, and 1700 cm™' due to symmetric and asymmetric CH, stretch and stretching vibration of C=0 in fatty acids (oleic
acid).®> The lipid nanocarriers loaded with doxorubicin did not show intensive peaks of doxorubicin perhaps due to the
small quantity of doxorubicin added or low sensitivity of FTIR spectroscopy. The disappearance of peaks shows that the
drug was encapsulated in the inner core or lipid matrix as the major characteristic bands were buried. Similar findings

were reported in literature.®®¢”
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Figure 6 The release profile (I12-hours) of doxorubicin from optimized formulation and aqueous solution at temper:
pH 6.8. Data are presented as meanz SD.

release media having

Temperature-Responsive Drug Release Analysis
The release of the drug from lipid nanocarriers was checked for up to 12 h
41°C, and 43°C) and pH 6.8 during this study (Figure 6). The
and 6.8 for up to 48 hours as presented in the supplementa aterial (Sgpplementary Figure 2). The release of drugs

at three different temperatures (37°C,

from lipid nanocarriers was compared with drug release from
proper sink conditions were ensured throughout the ¢
pt drug release in response to hyperthermia. We
W87, 41, and 43°C. The release of drug from lipid
lation of doxorubicin-loaded fatty acids-based lipid nanocar-
) release profile was compared with our innovative thermo-

constT®and the release of payload above the melting range. These findings support the conclusion that
0 be controlled by temperature and temporal regulation can be achieved. A similar temperature-dependent
release behaviolgras reported by Xu et al, from thermoresponsive copolymer nanoparticles.”' The amount of drug release
was higher at a slightly acidic pH probably due to increased protonation and solubility of doxorubicin at lower pH as

compared to a slightly basic pH of 7.4 (Supplementary Figure 2).”? The tumor microenvironment is slightly acidic and

faster release will occur due to decrease ion-pairing interactions and a decreased log D value of doxorubicin favoring its
partition into the aqueous phase. This effect was observed by Lages et al for 21% doxorubicin release from nanos-
tructured lipid carriers at pH 7.4 for up to 24-hours as compared to 39% release at 6.8 pH.”
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Drug Release Kinetics

A suitable fitting of drug release kinetics data is very important for proper modeling to find out the appropriateness of drug
accumulation and in-silico simulation of fast drug delivery in tumors using thermally triggered nanocarriers. The drug
release parameters for zero order, first order, Higuchi model, Korsmeyer-Peppas model, Hixson-Crowell model and
Weibull model are presented in Table 2. The release behavior of DOX from PCM-based nanocarriers presented two
different models as a function of temperature. At 37 C, the highest value of R? was achieved with Korsmeyer-Peppas model
and Weibull model with n-value of 0.472. At 41 and 43°C the highest value of R? was achieved with the Weibull model and
n-value of 0.379 depicting Fickian diffusion based drug release mechanism.”* The Weibull model has been extensively
applied as an empirical model of triggered and extended-release data. Lu et al described that the temperature-responsive
drug release from thermoresponsive liposomes was hardly fitted by the commonly used models for zero order, first order,

(Table 2). This mechanism of doxorubicin release from nanostructured lipid carriers
groups.’®’”” The best-fitting curve of kinetic modeling data using the Weibull m.

zero-order, first-order, Higuchi, and Korsmeyer-Peppas mathematical mo
been represented in the supplementary material (Supplementary Figur: —C, 4A

Stability Study
The selected formulations (UT-2 and UT-3) were analyzed for part
selected time intervals. It was found that there was no vi ity of UT-2. The particle size (193.4£5.65),
zeta potential (—22.0+ 0.55), and percent encapsulation e .9) of UT-2 after a 14-days period did not change

Table 2 In-vitro Dissolution Pag Optim@d Formulation (UT-2) at pH 6.8

Kinetic Model Para Temperature (°C)
37 41 43
Zero order 0 5.680 9.090 11.580
0.580 0.400 0.250
K, 0.080 0.210 0.360
R? 0.830 0.940 0.970
Kn 15.860 25.90 33.240
R2 0.980 0.920 0.930
eyer-Peppas Kyp 16.650 29.210 40.950
R? 0.990 0.935 0.975
n 0.472 0.431 0.379
Hixson Crowell Kuc 0.025 0.060 0.096
R? 0.765 0.887 0.951
Weibull R2 0.993 0.983 0.995

Abbreviations: KO, zero order model release constantL; R, regression co-efficient; K1, first order model release constant; Ky,
Higuchi model release constant; Kxp Korsmeyer-Peppas model release constant; n, release exponent; KHC, Hixson Crowell
release constant.
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varying concentrations of doxorubicin incubated at 37°C for 24 hours and with | hour at 41°C followed by 24 hours at 37°C,
concentrations and incubation periods. Data are presented as mean * SD, n=3, *p < 0.05, **p < 0.01, **p < 0.001.

and encapsulati8® efficiency (59.95+3.6). The surfactant concentrations had a critical role in the stability and percent
encapsulation efficiency. An optimum concentration of surfactant is necessary to cover nanoparticles’ surfaces, retention of
drugs within nanocarriers, and prevent coalescence.”® The findings of this study suggested that lipid nanocarriers were

stable during storage.

In-vitro Cytotoxicity Assay of Doxorubicin Lipid Nanocarriers

The cytotoxicity of the free drug and blank lipid nanocarriers on B16F10 cells was evaluated after 24- and 48-hour
incubation periods. As depicted in Figure 8A, a clear dose-response relationship was found at concentrations of 0.125-2
ng/mL that were more significant at 0.5-2 pg/mL. The blank lipid nanocarriers depicted more than 90% cell viability at
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studied concentrations and incubation periods (Figure 8C). The lipid nanocarriers with 0.5-2 pug/mL doxorubicin
concentrations were tested in this study (Figure 8B). The cytotoxicity of doxorubicin-loaded lipid nanocarriers with
incubation at 41°C for one hour and further incubation at 37°C was followed to minimize the impact of temperature on
cells. As previously described, prolonged heat stress significantly decreases cell viability in a time-dependent manner. In
our project, we used in-plate control to determine the effect of temperature on the cells.”® Cell viabilities were calculated
with respect to the appropriate in-plate control. We observed that the percent viability of B16F10 cells was reduced
significantly from 89% to 77.5% at the minimum concentration tested during this experiment. Various pathological
conditions, specifically inflammation and malignancies, are associated with the activation of immune cells to release
various inflammatory markers that increase the local temperature at the site of inflammation and tumors.”” The smart
drug delivery systems that are able to release the drug in response to temperature variations act as targeted drug delivery

systems and reduce off-site toxicities. The phase transition of nanocarriers at elevated temperature and 43°C) to

liposomes. They found that this temperature did not damage tumor vascula
the endothelial network.®' Based on these findings, we aimed to provide a g

to increased fluidity and permeability of the cell membrane. Mil
and enhanced cytotoxicity at specific tumor sites. However, release ofMhe drug at normothermia (37 C) was
prolonged, and less cytotoxic potential was observed than the fr . Sylar findings demonstrating the effect of

Lokerse et al.®

Hemolytic Potential
The aggregation and deformation of red b g ults in various circulatory disorders. Thus, the compat-
ibility of nanoplatforms with blood is the successful development of nanocarriers. The size and
concentration of nanoparticles may, ce of aggregation and hemolysis in red blood cells as reported by Kim
and Shin.*® The number of 1

potential.>’ A hemolytic poggpti an 10% is generally considered to be safe for the biomaterials intended for

Blank lipid
nanocarriers

Doxorubicin lipid
nanocarriers

10 >
[
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[
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a |
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Total lipid concentration (ng/mL)

Figure 9 Right panel: qualitative presentation of in-vitro hemolysis potential of blank and doxorubicin-loaded lipid nanocarriers with saline as a negative control and 2%
triton-x 100 in saline as a positive control. Left panel: hemolysis percentage of blank and doxorubicin lipid nanocarriers at 250-2000 ug/mL of total lipid concentration. Data
are presented as meant SD, n=3, *p < 0.05.

Abbreviation: ns, non-significant.
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Figure 10 Analysis of biochemical and he| i in group-1 as the control group, group-2 tested with blank lipid nanocarriers, and group-3 tested with
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Abbreviations: LDL, low-densi blood cells; WBCs, white blood cells; ALT, alanine aminotransferase; SGPT, serum glutamic pyruvic transaminase;

AST, aspartate aminotransfera; loacetic transaminase.

checked to dete
nanocarriers have negligible effects when compared with control as all the results were statistically insignificant during

ne the biosafety of the developed lipid nanocarriers and compared with control groups. The drug-free lipid

analysis by two-way ANOVA followed by post hoc Tukey’s multiple comparison test (p > 0.05) (Figure 10A—E). There was
a significant drop in platelet count for group III treated with lipid nanocarriers loaded with doxorubicin. It is well established
that chemotherapeutics specifically doxorubicin therapy is associated with decreased white blood cell and platelet counts due
to myelosuppression. The same findings were reported by several researchers.**%

The elevated alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels in group-III representing
hepatocellular damage were supported by the patch necrosis seen histologically (Figure 11). Aminotransferases are

released in blood in response to increased cellular membrane permeability caused by liver injury as found in the
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Group-I1I

Figure |1 Histopathological analysis of heart, liver, spleen, and kidney of g| with saline, group-Il treated with carrier or blank lipid

nanocarriers, group-lll treated with doxorubicin-loaded lipid nanocarriers.

in hepatic damage.”> However, in
kidney, liver, and spleen.
The histological slides of

Conclusio
The findings of this ®dy suggested that eutectic mixtures of fatty acids can be efficiently utilized as a lipid construct for
colloidal drug delivery carriers. The melting point of lipid mixtures can be tuned to melt and release the encapsulated drug at
desired temperature range. The physicochemical characterizations of developed carriers were associated with the optimum
size distribution required for enhanced permeability and retention effects. The drug release and cytotoxicity of the drug at
mild hyperthermic temperature conditions favor a specific tumor environment. These carriers appeared to be safe for
biological applications and thus can be efficiently utilized to encapsulate different chemotherapeutics for temperature-
triggered drug release applications. In the future, doxorubicin-loaded lipid nanocarriers may serve as a multifunctional
platform for combination chemo-thermotherapy of cancer. The provision of controlled and homogenous level of hyperther-
mia play a critical role that may influence the targeted systemic delivery of therapeutic compounds from a temperature
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responsive carrier. Magnetic resonance, high intensity focused ultrasound and radiofrequency ablation are common techni-

ques to induce cancer cell death apoptosis in thermotherapygg’89

without altering the tumor perfusion for chemotherapeutics.
Doxorubicin-loaded lipid nanocarriers can be combined with thermotherapy wherein thermotherapy will not only induce
cancer cell apoptosis but also release doxorubicin to kill the remaining cancer cells. Lipid nanocarriers proposed in this study
can also load inorganic nanomaterials® that are used as contrast agents for magnetic resonance, near-infrared radiation and
high intensity focused ultrasound.”® Furthermore, cytotoxicity and thermoresponsive targeting of lipid nanocarriers must be
performed in in-vivo cancer models to identify additional barriers, if any, and their potential for translation for human use.
However, further studies are required to mimic the ex-vivo and in-vivo behavior of these carriers. These carriers can be

explored in the future for active targeting and site-specific delivery for multiple chemotherapeutics.
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